In many organisms metamorphosis allows for an ecologically important habitat-shift from water to land. However, in some salamanders an adaptive life cycle mode has evolved that is characterized by metamorphic failure (paedomorphosis); these species remain in the aquatic habitat throughout the life cycle. Perhaps the most famous example of metamorphic failure is the Mexican axolotl ( Ambystoma mexicanum ), which has become a focal species for developmental biology since it was introduced into laboratory culture in the 1800s. Our previous genetic linkage mapping analysis, using an interspecific crossing design, demonstrated that a major gene effect underlies the expression of metamorphic failure in laboratory stocks of the Mexican axolotl. Here, we repeated this experiment using A. mexicanum that were sampled directly from their natural habitat at Lake Xochimilco, Mexico. We found no significant association between the major gene and metamorphic failure when wild-caught axolotls were used in the experimental design, although there is evidence of a smaller genetic effect. Thus, there appears to be genetic variation among Mexican axolotls (and possibly A. tigrinum tigrinum ) at loci that contribute to metamorphic failure. This result suggests a role for more than one mutation and possibly artificial selection in the evolution of the major gene effect in the laboratory Mexican axolotl.
Introduction
Increasingly, the focus of genetic research is on traits of relatively few species that are well-characterized laboratory model systems. While this trend is a natural consequence of our ever-increasing knowledge of systems like 'the mouse', 'the fly' and 'the worm', it leads toward a path of increasing generalizations from a handful of laboratory species to a diversity of species in nature (Hanken 1993) . Relatively little is known about the genetic basis of traits in natural populations and species (but see Voss & Shaffer 1997; Bradshaw et al . 1998; Jones 1998; Long et al . 1998; Schemske & Bradshaw 1999) , particularly for traits that are of clear, adaptive significance (Orr & Coyne 1992) . Although the study of traits in laboratory populations can allow for relatively complete dissection of genetic architecture and the identification of genes underlying phenotypes, the relevance of these studies for understanding adaptation in natural populations remains unclear. Admittedly, in some respects all traits are seemingly adaptive given the integrated nature of phenotypes and the multiple ways that fitness might be affected by phenotypic variation. However, adaptation in nature occurs against a backdrop of complex ecological processes that can never be truly duplicated in the laboratory, and it is against this backdrop that the genetic architecture of phenotypic variation should ideally be tested. Even in cases where laboratory lines are founded from natural populations, processes of natural selection, drift, and mutation can occur in a laboratory setting that are quite different from those in nature. Recent results demonstrating frequent changes in the genetic architecture of trait variation in small laboratory populations (Wade & Goodnight 1998) further emphasize the ephemeral nature of 'the genetic basis of adaptation' and the observation that traits may have multiple underlying genetic bases. Thus, an important question is the nature of the genetic architectural differences underlying adaptive traits from laboratory lines and natural populations of the same species.
Genetic linkage mapping provides a means to characterize the underlying genetic architecture of traits by correlating phenotypic variation in segregating crosses to the inheritance of specific chromosomal segments or molecular markers. Although primarily used in studies of laboratory or domesticated species, genetic linkage mapping approaches have been extended recently to adaptive traits in natural species (Voss & Shaffer 1997; Bradshaw et al . 1998; Jones 1998; Long et al . 1998; Schemske & Bradshaw 1999) . One of the most important findings of these studies (as well as studies of laboratory and domesticated species) is that relatively few genes may account for a large proportion of the phenotypic variance of a trait. If adaptive traits in natural species are determined by relatively few genes, then genetic linkage mapping approaches may prove to be an important component of evolutionary research programmes. This is because the genetic linkage mapping effort for identifying the genome position of relatively few major loci is much lower than the effort needed to identify the position of the many small-effect loci that underlie a more classical, quantitative trait. Thus, even nonmodel species may be amenable to major-effect genetic analysis (e.g. Holloway et al . 2000) .
Using a genetic linkage mapping approach, Voss & Shaffer (1997) found that expression of alternate life cycle modes in interspecific crosses of ambystomatid salamander was primarily determined by a single, major effect locus. This result provided the first definitive data in support of a classical evolutionary hypothesis that has been continually cited in the literature for the past 25 years: that metamorphic failure (metamorphic failure is commonly referred to as paedomorphosis : Sprules 1974; Gould 1977; Shaffer 1984; Semlitsch & Gibbons 1985; Harris 1987; Semlitsch et al . 1990; Collins et al . 1993; Whiteman 1994; Reilly et al . 1997; Ryan & Semlitsch 1998) in the Mexican axolotl evolved as a result of a single major mutation (Tompkins 1978; Voss 1995) . The evolution of paedomorphosis in urodeles is a classic example of adaptive evolution (Shaffer 1984 (Shaffer , 1993 Voss 1995) . The typical life cycle mode among amphibians is metamorphosis, a process that allows for an ecologically important transition from an aquatic to a terrestrial habitat (Wilbur 1980) . However, a derived paedomorphic life cycle mode has evolved convergently a number of times among both closely and distantly related salamander species (Shaffer 1984; Shaffer & McKnight 1996; Voss & Shaffer 1996) , resulting in a totally aquatic life cycle. From an ecological perspective, metamorphic failure is considered an adaptive life history response because this life cycle mode is correlated with specific environmental conditions that may affect survival and reproduction (Gadow 1903; Wilbur & Collins 1973; Sprules 1974; Gould 1977; Semlitsch & Gibbons 1985; Harris 1987; Whiteman 1994) . Because convergent evolutionary patterns are regarded as strong evidence of adaptation via natural selection (Endler 1986 ), these complementary lines of reasoning implicate metamorphic failure as an adaptive trait (Voss 1995) .
Although segregation analyses (Voss 1995) and the more recent genetic linkage mapping study of Voss & Shaffer (1997) all support a major mutational origin for the evolution of metamorphic failure in Mexican axolotl, it is important to note that laboratory axolotls were used in the experimental designs. The Mexican axolotl has a long and distinguished history as a laboratory model; it was originally introduced into laboratory culture in Europe during the later half of the 1800s (Smith 1989) . In the studies of Humphrey (1967) and Voss (1995) , axolotls were obtained from Indiana Axolotl Colony and eastern tiger salamanders were obtained from geographically separated populations (Illinois in Humphrey's study, and Tennessee in Voss's). Because similar results were obtained in independent experiments using the same source of paedomorphic axolotl and different sources of transforming tiger salamander, it is reasonable to infer genetic homogeneity between laboratory axolotls and between wild eastern tiger salamanders, for loci that contribute to the expression of life cycle mode in interspecific crosses.
Here we examine whether the same results would be obtained if Mexican axolotls from nature were used in the experimental design. Failure to reproduce the results would suggest a role for genetic variability and/or selection history (in the laboratory) in the evolution of the major gene effect for metamorphic failure in the Mexican axolotl. To exploit this rare opportunity to examine the role of selection history in an interspecific crossing design, we obtained Mexican axolotls from their type-locality at Lake Xochimilco in the Distrito Federal, Mexico, and re-examined the genetic basis of metamorphic failure in Mexican axolotl.
Methods

Genetic Crosses
Several adult Ambystoma mexicanum were collected from Lake Xochimilco and transported to the University of California, Davis. A. tigrinum tigrinum were purchased from Charles Sullivan (Nashville, TN); these individuals were taken from the same source ponds that provided the A. t. tigrinum for the studies by Voss (1995) and Voss & Shaffer (1997) (L. Sullivan and C. Sullivan, personal communication). We followed the crossing methodology of Voss (1995) because that study provided the laboratory axolotl backcross material analysed by Voss & Shaffer (1997) . Briefly, ovulation was induced in a female A. t. tigrinum (single injection of 1000 IU of Human Chorionic Gonadotropin) and eggs were gathered and fertilized using the sperm from a single A. mexicanum male. A total of 66 F 1 individuals were obtained and a subset of these were reared to maturity. Approximately 14 months later, the sperm from two F 1 hybrid males were used to fertilize eggs from a single A. mexicanum female. Of the 212 eggs that were artificially fertilized and appeared to undergo cleavage, a total of 95 offspring survived to hatching. Given the difficulty of differentiating between abnormal and spontaneous cleavage, and the difficulty of differentiating between mortality effects due to handling of eggs during artificial insemination versus mortality effects due to hybrid inviability, no attempt was made to estimate mortality prior to hatching.
Offspring were fed to satiation using brine shrimp for the first few weeks, and then California black worms ( Lumbriculus ) for the remainder of the experiment. All individuals were housed separately in charcoal filtered water with 6.6 m m NaCl, 0.26 m m NaHCO 3 , 0.07 m m KCl, 0.20 m m MgSO 4 , and 0.07 m m CaCl 2 . Water was changed every day for the first few weeks and then every third day for the remainder of the experiment. All salamanders were maintained in a single room in which the temperature fluctuated from 18 to 22 ° C and the photoperiod coincided with the diurnal and seasonal conditions of Davis, CA. Individuals were reared until the completion of metamorphosis or the termination of the experiment (day 300 after hatching). Most of the salamanders were sacrificed and liver tissue was taken, however, tail or toe tissue was taken from a few individuals that were kept for future experiments (of 12 paedomorphic individuals that were retained, one individual was observed to undergo a spontaneous metamorphosis, approximately 8 months after the termination of the experiment). Individuals that failed to undergo a metamorphosis (loss of gills) were scored as paedomorphic (Voss 1995) .
DNA was isolated from backcross offspring and amplified fragment length polymorphism (AFLP) analysis (Vos et al . 1995) was performed according to Voss & Shaffer (1997) . All individuals were scored for three AFLP markers ( AFLP11.7 , AFLP32.17, AFLP34.5 ) that were previously shown to be associated with a major gene underlying expression of life cycle mode (i.e. metamorphosis vs. paedomorphosis; Voss & Shaffer 1997) . Linkage relationships between AFLP markers were determined using mapmaker 3.0, and gene effect and penetrance were estimated using a single interval mapping method for binary data (Xu & Atchley 1996 developed the theory of this method; see Voss & Shaffer 1997 for an application).
Results
Three individuals died during the course of the experiment; these individuals were excluded from the tabulation of metamorphic and paedomorphic individuals, and were not genotyped for AFLPs. Therefore, a total of 92 individuals were scored for metamorphosis or metamorphic failure. The proportion of metamorphic individuals was much greater than the proportion of metamorphic failure individuals (0.82 vs. 0.18, respectively), and these proportions are significantly different from simple Mendelian expectation ( χ 2 = 36.56, d.f. = 1, P < 0.05; Table 1 ). Thus, the phenotypic segregation data are not consistent with a strict, single gene model (i.e. single gene, no environmental effect).
Because of missing data for four individuals, the genotypic data in Table 1 are for 88 individuals. The data from Voss & Shaffer (1997) are included in Table 1 to facilitate comparisons between the previous laboratory axolotl study and results from this study. The results from this study suggest two primary differences when using laboratory vs. wild-caught axolotls in the experimental design: (i) in the study using laboratory axolotls, all three AFLP markers were observed to be significantly linked to one another, and each was significantly linked to a major quantitative trait locus (QTL) underlying the expression of life cycle mode (LODs of 3.0 and 6.0 correspond to (Voss & Shaffer 1997) . The LOD score is the likelihood that an AFLP marker is linked to a single gene underlying expression of life cycle mode. Het = heterozygote, Hom = homozygote likelihoods of 1000:1 and 1000 000:1 odds, respectively, in favour of linkage). However, in the wild axolotl, none of these same AFLP markers were found to be significantly linked to a single gene underlying expression of life cycle mode, and only AFLP32.17 and AFLP34.5 were observed to be significantly linked to each other. And (ii) Unlike the study with laboratory axolotls, equal segregation of heterozyous and homozygous genotypes was only observed for one of the three AFLP loci ( AFLP11.7 ). In contrast, more than three times more homozygous than heterozygous genotypes were observed for AFLP32.17 and AFLP34.5 . This pattern of segregation distortion suggests a lower viability associated with the inheritance of the heterozygous genotype at these tightly linked loci. The unequal segregation of genotypes cannot be attributed to a viability effect during larval development, as only three individuals died during the experiment. Thus, the unequal segregation of AFLP32.17 and AFLP34.5 presumably reflects a prehatchling effect that biased the representation of AFLP genotypes at metamorphosis against interspecific gene combinations. Although LOD scores from this study do not support a hypothesis of linkage between AFLP loci and a single gene underlying expression of life cycle mode, the data are suggestive that the chromosomal region marked by AFLP32.17 and AFLP34.5 is contributing to expression of life cycle mode. For example, all but one of the 16 heterozygyotes underwent metamorphosis, which is consistent with a single gene model, and all but one of the paedomorphic individuals scored as homozygotes for these molecular markers, which is also consistent with a single gene model. Thus, the chromosomal region that is defined by AFLP32.17 and AFLP34.5 appears to be contributing to expression of life cycle mode, as was found in the laboratory backcrosses. However the large number of metamorphs with homozygous A. mexicanum genotypes suggests that other factors are involved.
Discussion
Metamorphic failure in the Mexican axolotl has been widely cited as an example of major gene, adaptive evolution (discussed in Voss 1995; Voss & Shaffer 1997) . The evidence for a major gene is relatively strong because similar results were obtained between different studies, using the same experimental design. The experimental design involved crosses between the Mexican axolotl, the eastern tiger salamander, and their hybrids, followed by segregation and linkage analyses to test for deviations from simple Mendelian expectation (Humphrey 1967; Voss 1995; Voss & Shaffer 1997) . When using this design and axolotls from the same laboratory population, the data indicated that a major genetic factor underlies expression of alternate life cycle modes. However, in the present study no significant association was found between the same major genetic factor and expression of life cycle mode when wild-caught axolotls were used in the crossing design. The genomic region in question does appear to be contributing genetically to the expression of metamorphosis and metamorphic failure. However, its quantitative effect is different compared to the laboratory results. Thus, our results for wild Ambystoma mexicanum suggest methodological differences between experiments and/or a more complex genetic basis for the expression of alternate life cycle modes, presumably reflecting a difference in environments and/or genetic variation among individuals that were used between the two studies. We discuss these possibilities below.
First, dissimilar results between QTL mapping studies may reflect methodological differences between experiments. For example, precise dissection of genetic architecture may not be possible when small mapping populations are used to examine complex traits that are determined by many small effect QTL (Beavis 1998; Bradshaw et al . 1998 ). Relatively few individuals (< 100) were used in each of the axolotl mapping studies because of the investment required to examine a phenotype that is expressed 8 -14 months after fertilization in a relatively large animal. However, it should be noted that the objective of the original study was not exploration of all QTL. Instead, the objective was a specific test of the major mutational hypothesis of metamorphic failure in the laboratory axolotl (Tompkins 1978) , using a mapping cross that was segregating alternative metamorphic phenotypes in a way largely consistent with a single gene mode of inheritance (Voss 1995) . Given that the same major effect QTL was identified in replicate crosses of the laboratory axolotl, but not identified in a similar sized mapping cross of wildcaught axolotl, suggests that factors other than methodology contributed to the dissimilar results between experiments.
Another explanation for the dissimilar results between experiments is that a QTL effect may depend on the environment in which it is estimated. For example, Paterson et al . (1991) found that of 29 QTLs for several characters in the tomato grown in three different field locations, only four QTLs were detected in all three environments, while 15 were detected in single environments only. In the previous study using the laboratory axolotl, salamanders were reared under different temperature and food level conditions (Voss 1995) . Ratios of metamorphs and paedomorphs from the high food and high temperature treatment were similar to ratios observed in this paper. However, when only considering the life cycle responses and AFLP genotypes of individuals from the high food and high temperature treatment of Voss (1995) , those data still indicated a significant association between expression of life cycle mode and inheritance of molecular markers (data not shown). This suggests that environmental differences may not have been important in the present study. However, given that salamanders were reared at a different time and place and were treated differently (e.g. fed different kinds of food and housed in different types of containers), it is possible that environmental differences between experiments partially explain the dissimilar results.
Perhaps a more likely explanation for the dissimilar results between experiments is that genetically variable salamanders were used. The segregation pattern of AFLP molecular markers was different when laboratory vs. wildcaught axolotls were used in the experimental design. In this paper, AFLP11.7 was not significantly linked to AFLP34.5 or AFLP32.17 . This result is not too surprising as additional linkage data now indicate AFLP11.7 to be distantly linked to AFLP32.17 and AFLP34.5 in the laboratory axolotl crosses (S. R. Voss, unpublished data). Both experiments indicated that AFLP34.5 and AFLP32.17 were closely linked, and that heterozygous genotypes at AFLP34.5 and AFLP32.17 were highly predictive for expression of metamorphosis (greater than a 90% probability of metamorphosis given the inheritance of an informative heterozygous AFLP genotype). These results are consistent with a hypothesized major effect QTL underlying expression of alternate life cycle modes. However, in contrast to the previous experiment using laboratory axolotls, the homozygous genotypes at AFLP32.17 and AFLP34.5 were not predictive for expression of metamorphic failure. This result suggests that one or more additional loci were contributing to expression of life cycle mode in this study. Because metamorphosis is a dominant trait that is almost always expressed in F 1 hybrids (Voss & Shaffer 1996) , it seems that in addition to the dominant allele marked by AFLP32.17 and AFLP34.5 , alleles at additional A. tigrinum tigrinum loci can independently manifest metamorphosis when placed in a wild-caught axolotl genetic background.
A second primary difference between this and the previous laboratory axolotl study concerned the segregation off AFLP32.17 and AFLP34.5. An unequal representation of heterozygous and homozygous genotypes were observed for AFLP32.17 and AFLP34.5 ; accordingly it is necessary to invoke an epistatic interaction between the dominant major effect allele ( Met ) that was previously identified from the laboratory axolotl study and alleles at one or more loci. Thus, although inheritance of the Met allele is highly predictive for metamorphosis, interactions between Met and additional loci resulted in a lower representation of heterozygous QTL genotypes.
If it can be assumed that the same A. t. tigrinum alleles were segregating in the laboratory and wild-caught axolotl genetic backgrounds ( A. t. tigrinum were obtained from the same set of ponds for both experiments), then the genetic differences between experiments could be attributed to allelic differences between laboratory and wild-caught axolotls. Several lines of evidence support this interpretation.
First, laboratory axolotl colonies around the world were originally founded from a dozen individuals, followed by approximately 100 generations of relatively closed-breeding among their collective progeny. It is conceivable that this initial bottleneck altered the genetic composition of the laboratory axolotl stock. Second, selection in the laboratory may have further altered the genetic architecture of the laboratory stock; individuals that undergo a spontaneous metamorphosis have always been removed and not allowed to breed with 'normal' axolotls in the laboratory (S. Duhon, personal communication). Third, axolotls have been added to the colony at least twice (Humphrey 1978) , with the most notable addition involving the introgression of the albino allele from A. t. tigrinum into the axolotl stock (Humphrey 1967) . Although much of the A. t. tigrinum genome has probably been lost during the past three decades of axolotl inbreeding, it is interesting to speculate that A. t. tigrinum loci were selected during the introgression of albino. Indeed, the original single gene hypothesis was based upon ratios of metamorphs and paedomorphs that were observed during the albino introgression experiment (Humphrey 1967) . Fourth, physiological variation in response to thyroid hormone has been documented among different axolotl strains (Rosenkilde & Ussing 1996) ; such a result indicates a potential for different genetic bases to underlie metamorphic failure.
Given evidence supporting the idea of genetic differentiation between laboratory and wild-caught axolotls, we consider how the major effect QTL arose in the laboratory axolotl. There were only two primary genetic differences for the Met locus between the two studies; relative to the previous study of the laboratory axolotl, we found a viability effect that resulted in few heterozygous AFLP marker genotypes and a higher probability of metamorphosis associated with the inheritance of the homozygous AFLP marker genotypes. This suggests that during the laboratory culture of the axolotl, there have been losses or fixations of alleles that interact with the Met locus to alter viability and affect the expression of alternate life cycle modes. Given that Met appears to contribute genetically to the metamorphic pathway in the natural population, our results suggest a selection history in the laboratory that is more complicated than the fixation of a single major effect mutation. Accordingly, we predict underlying quantitative genetic variation in the natural axolotl population for physiological mechanisms underlying metamorphic failure, and therefore question the often cited major mutational hypothesis for adaptive evolution of metamorphic failure in A. mexicanum (Tompkins 1978; Voss 1995; Voss & Shaffer 1997) . The results for the wildcaught axolotl are, therefore, in agreement with population genetic studies of A. talpoideum , a species that expresses metamorphosis or metamorphic failure as a polymorphism within and between populations Semlitsch et al . 1990 ). Using crosses among three proximal, but genetically isolated populations of A. talpoideum , Harris et al . (1990) found that the underlying quantitative genetic basis of metamorphosis appeared to differ among populations. The existence of genetic variation for metamorphosis in A. mexicanum is curious given that metamorphosed A. mexicanum are not known from nature, although adequate surveys of natural populations in Mexico have never been conducted.
In summary, our comparison of the genetic basis of metamorphic failure between laboratory (Voss & Shaffer 1997) and wild-caught A. mexicanum suggests that the genetic architecture of traits may diverge rapidly between laboratory and natural populations. Although this has been documented for minor effect loci (Cohan & Hoffmann 1986; Paterson et al . 1991) , our results caution against extrapolation from the laboratory to the field for major effect loci as well. Thus, although laboratory studies may inform our understanding of the genetic architecture of traits, they may provide less insight into ecological and evolutionary processes such as adaptation. This would be unfortunate because the task of identifying genes in natural populations and nonmodel organisms would be greatly simplified if information and resources from laboratory populations were exploitable. Accordingly, future studies must determine if candidate genes from laboratory studies and populations actually contribute genetically to ecologically and evolutionarily important traits in natural populations (e.g. Long et al . 1998; Feder 1999; Voss et al. 2000) .
